Based on calorimetry and dielectric spectroscopy, the influence of dopants as well as H/D-isotope substitution on the dynamics and thermodynamics of expanded high-density amorphous ice (eHDA) is studied. We find that dopants do not significantly alter the phase behavior, the dielectric relaxation times, and the calorimetric glass transition of eHDA. These observations starkly contrast those made for crystalline ices such as ice I h , ice V, ice VI, and ice XII, where suitable dopants enhance the dielectric dynamics by several orders of magnitude and can trigger hydrogen order-disorder transitions, then taking place below the orientational glass transition temperature of undoped samples. This conspicuous contrast to the behavior of crystalline ices strongly argues against point-defect dynamics in amorphous ices and against a previously suggested "crystallinelike" nature of the amorphous ices. Furthermore, H/D substitution also does not affect the calorimetric glass transition in eHDA much, whereas for crystalline ices, the heat capacity increase at the glass transition is roughly halved. In addition, the H/D-isotope shift of the glass transition onset is much larger for crystalline ices than it is for amorphous ices. This observation favors the notion of eHDA's glass transition as a glass-to-liquid transition and is evidence against a mere molecular-reorientation unfreezing at water's second glass transition. Comparing the isotope effect on activation energies for dielectric relaxation with ice V suggests that in amorphous ice water molecules move translationally above T g . Thus, the present work strongly supports that above this glass transition, water does indeed exist in its contested high-density liquid state.
I. INTRODUCTION
A. The glass transition in undoped high-density amorphous ice
Amorphous solids may be observed in more than just a single metastable "phase." In analogy with the polymorphism of crystals, this behavior has been named "amorphous polymorphism" (polyamorphism). Water was the first example for which polyamorphism was discovered by Mishima et al. [1] . Owing to their metastable nature, amorphous ices do not appear in the equilibrium H 2 O phase diagram. However, various amorphous ices of different densities can be prepared in the laboratory [1] [2] [3] [4] [5] [6] [7] [8] . High-density amorphous ice (HDA) is prepared at high pressure (>1 GPa) and low temperature (typically 77 K) by pressure-induced amorphization of hexagonal ice [2] . At ambient pressure, low-density amorphous ice (LDA) is thermodynamically more stable than HDA [1, 9] . Nevertheless, HDA can be quench recovered to ambient pressure. HDA remains kinetically stable at 1 bar for long times, provided the temperature is low enough, whereas unannealed HDA (uHDA) remains stable only up to 100 K, and expanded HDA (eHDA) is stable up to much higher temperatures of 136 K [10, 11] . Work on HDA, including calorimetric studies [12] , was traditionally carried out with uHDA samples. Only lately has the study of the annealed and expanded forms begun [10, 13] . The higher thermal stability in eHDA has opened the door to the discovery of water's second glass transition [14] . For a heating rate of 10 K min −1 , the onset of water's second glass transition was determined to be 116 K [14] . In pure water, the calorimetric end point of its second glass transition is hard to access because the polyamorphic transition intervenes [14] . A recent study by Ruiz et al. [15] shows, however, that the presence of LiCl allows for the observation of the end point before the polyamorphic transition commences. The nature of eHDA above T g is still unclear and contested, so we focus here on resolving the question on the molecular motions taking place at water's recently discovered second glass transition, especially on the question of whether or not a liquid state is attained.
B. Glass and hydrogen-ordering transitions in crystalline ices
The electrical properties of ice are very sensitive to small concentrations of certain impurities that can be incorporated in the hydrogen-bonded network to generate point defects, specifically ionic defects and/or Bjerrum defects [16] . Examples of dopants that are soluble up to a few parts per million are HF, HBr, HCl, KOH, and NH 3 . These molecules are incorporated in the crystal lattice by substitution of a water molecule [17] . In the past, such dopants were used to influence the hydrogen-bond dynamics in crystalline ices [19] [20] [21] [22] [23] . Dopants have allowed one to unlock kinetically hindered but thermodynamically favored transitions to hydrogen-ordered ices [16] . The role of these dopants is to enhance microscopic dynamics [18, 24, 25] . This enhancement is key to inducing hydrogen-ordering transitions at T < 150 K, where otherwise molecular motion is too slow for ordering processes to take place on typical laboratory timescales. However, it is still unclear why some dopants enhance the dynamics in crystalline ices whereas others do not [26, 27] .
For illustrative purposes, Fig. 1 shows calorimetric experiments comparing undoped, unsuitably, and suitably doped ice XII samples. For undoped ice XII, one observes the (un)locking of the H-atom motion as a glass transition at 129 K (see Fig. 1 , blue trace). At T < 129 K, H-atom motion is frozen, so the isobaric heat capacity c p is small. At T > 129 K, H-atom motion is thawed, giving rise to a significantly higher c p in the mobile state. Qualitatively, the same picture is observed for NH 3 -doped ice XII. Its calorimetric trace (Fig. 1, orange trace) is very similar to the one for the undoped sample, which demonstrates that NH 3 is a dopant that is unsuitable to enhance the H-atom dynamics sufficiently to trigger a H-ordering transition. By contrast, HCl doping is found to be suitable: An endothermic peak is observed upon heating (Fig. 1 , green trace) rather than a glass transition. The endotherm allows one to access the latent heat taken up at the disordering transition occurring near 102 K. This observation reveals that near 102 K, the H-atom dynamics is still sufficiently fast to achieve, upon cooling, the entropically favored ordered state, ice XIV [22] . Quantitatively, an enhancement of the dielectric relaxation by up to 5 orders of magnitude was measured for HCl-doped ice XII samples when compared to NH 3 -doped or undoped samples [25] . That is, by enhancing the hydrogen dynamics through suitable extrinsic point defects, it is possible to unlock a transition to a hydrogen-ordered phase. Similar results were reported for other disordered ice phases, e.g., ice V or ice VI [28, 29] . For all high-pressure ice phases, HCl was found to be the most efficient dopant, whereas for the low-pressure hexagonal ice, KOH was found to be most efficient [19] .
C. Doped and H/D-substituted eHDA
A number of studies emphasized that a high similarity between amorphous ices and crystalline ices might exist [30] [31] [32] . Furthermore, a glass transition akin to the ones shown in Fig. 1 was observed for eHDA [14] . It has been debated whether at the glass transition of amorphous ices only reorientations unfreeze or whether additionally also translational motion of H 2 O molecules is unlocked [14, 33, 34] . That is, it is of interest to find out whether oxygen atoms remain immobile and only hydrogen atoms move around them, or whether instead, the complete water molecule becomes mobile upon heating above the glass transition. In the spirit of the latter scenario, some of us [14] claimed that the glass transition of eHDA "involves liquidlike translational mobility of water molecules." Shephard and Salzmann, on the other hand, argued that the glass transition in eHDA is an orientational glass transition, just like the one occurring in undoped ice VI [33] or ice XII [35] . Recently, this controversy was summarized by stating that "at the orientational glass transition of ice XII the oxygen atoms do remain at their lattice positions, but this may or may not be so at the glass transition of amorphous ices" [36] .
For amorphous ices, a local H ordering can build up and persist only if the glass transition is governed by [25] . The endothermic peak observed for the HCl-doped sample (green trace) represents the transition from hydrogen-ordered ice XIV to hydrogen-disordered ice XII. For the pure water sample (blue trace) and the NH 3 -doped sample (orange trace), the glass transition onset near 130 K indicates that atomic mobility is thawed above this temperature. point-defect mobility, which leaves the O-atom topology unaffected. This scenario was suggested by Fisher and Devlin [34] , who considered that suitable doping of amorphous ices should speed up the dynamics of Bjerrum and ionic point defects with respect to the pure sample. One may speculate that such a dynamic enhancement could then give rise to some kind of local H ordering in eHDA. If, however, the O atom's topology changes on the timescale of the experiment, then any local H ordering would be only transient. Transient H order would be depleted above T g once the O atoms have moved several O-O distances. Consequently, in this scenario, extrinsic point defects introduced through dopants should not have a sizeable influence on the dynamics. Reasons for a lack of significant doping effects might be the nature of the amorphous structure, which allows for an intrinsic violation of the ice rules and/or a depletion of dopants from the bulk [37] .
Previously, only a limited number of studies addressed the effects of dopants on amorphous ices with the result that doping with KOH, HF, NH 3 , or NH 4 F does not enhance the dynamics in HDA [37, 38] . It is the purpose of the present study not only to examine the effect of dopants on eHDA more comprehensively but also to exploit the much enhanced experimentally accessible temperature range that was opened up by the advent of eHDA in order to gain new insights into the nature of its glass transition. Particularly, we take HCl doping into consideration. Based on its propensity to induce order in crystalline polymorphs that are similar to eHDA in terms of local structural order, HCl would appear as the most promising candidate: An important question is whether or not, analogous to crystalline ices (see Fig. 1 ), a local variant of a H ordering or disordering can be achieved for suitably doped amorphous ices.
Isotope substitution experiments can be helpful to explore whether-above the glass transition temperature T g of amorphous ice-hydrogen and oxygen atoms or just the hydrogen atoms are mobile. To this end, we compare isotope effects at the glass transitions of amorphous and crystalline ices with the goal to aid in resolving the controversy of the mechanisms governing the glass transitions of amorphous ices. In particular, we look at changes of the dynamics of the heat capacity step Δc p and of shifts in T g to check whether or not any such changes are similar to those of crystalline ices.
II. EXPERIMENT
We study eHDA samples rather than uHDA, since the latter has a much lower thermal stability and does not show the second glass transition prior to the polyamorphic transition. Undoped and doped H 2 O (D 2 O) eHDA samples are prepared from pure (heavy) water or solutions containing 0.01-M HCl (DCl), HBr, HF, NH 3 , and KOH. The sample preparation route follows our earlier work [13] . In short, 600 μl of an aqueous solution is pipetted into a piston cylinder apparatus of 8-mm bore diameter at 77 K, yielding hexagonal ice. All samples are kept in a container made of indium to avoid sudden pressure drops during compression [2] . Hexagonal ice is then pressurized to 1.8 GPa at 77 K inducing amorphization of the sample and formation of uHDA [2] . uHDA transforms to eHDA by isobaric annealing at 1.1 GPa and approximately 160 K, cooling to 140 K, and isothermal decompression at a controlled rate of 20 MPa min −1 to 0.1 GPa [39] . For the D 2 O samples, 143 K is used instead of 140 K [40] . Subsequently, the samples are quench recovered to ambient pressure and then transferred under liquid nitrogen to the calorimeter or to a Dewar that is shipped to Dortmund where the dielectric measurements are carried out. A description of the procedures relevant for the dielectric experiments can be found elsewhere [14, 24] .
All samples are characterized using x-ray diffraction. For all doped samples, the diffraction patterns match the ones for eHDA that are reported in the literature [39] ; i.e., the halo peak maximum is located at approximately 29.5°-30.0°(Cu-K α;1 , λ ¼ 1.5406 Å); see Fig. 2 . The only exception is KOH doping, which results in a slightly different pattern that contains some sharp Bragg peaks (see Fig. 2 and Sec. III A).
A differential scanning calorimeter (PerkinElmer, DSC 8000) is used for the calorimetric analysis. Like in previous work [25, 35, 41] , DSC scans are recorded upon heating the samples at a rate of 50 K min −1 from 93 to 253 K using aluminum crucibles. After heating each sample to 253 K and subsequent recooling to 93 K, a second heating scan of now ice I h is recorded and subtracted as a baseline from the first scan. The mass of the sample cannot be obtained by weighing; therefore, we calculate it from the endothermic melting of ice I h by using the value of 6012 J mol
. Usually, this determination yields sample masses of 8-15 mg. All thermograms are normalized to 1 mol. Every DSC curve shown here is the average of at least three samples and three repetitions for each.
III. RESULTS AND DISCUSSION
A. Influence of dopants and isotope substitution on phase behavior
In order to address the question of whether or not "doping" is effective in altering the dynamic and thermodynamic properties of amorphous ice, we prepare For the large heating rate used in this work, this transition appears near 140 K, and the crystallization from LDA to ice I c here shows up near 180 K. That is, doping does not affect the phase transition behavior of eHDA, with the exception of the KOH-doped sample (cf. Fig. 3 , right panel, red bottom trace). This scan shows a third exotherm which exhibits its minimum at a temperature of approximately 160 K indicating the ice XII to ice I c transition. The preparation protocol results in a mixture of ice XII and eHDA rather than pure eHDA. This finding is confirmed by x-ray diffraction showing ice XII Bragg peaks on top of the eHDA halo peak (marked by circles in Fig. 2 ). This result will be scrutinized in more detail in future work. Figure 4 shows an evaluation of the temperature of transformation from eHDA to LDA [ Fig. 4(a) ] and the crystallization temperature from LDA to ice I c [ Fig. 4(b) ] for all dopants studied. These plots reveal that, independent of the dopant, a very similar behavior is detected. The onset temperature of the polyamorphic transition is 139 AE 1 K, and the minimum temperature of the crystallization is 174 AE 1 K, consistent for all H 2 O-based samples [42] . Thus, none of the dopants is found to alter the transformation Fig. 4(a) ], whereas the crystallization temperature displays a remarkable shift of approximately 5-6 K [ Fig. 4(b) ]. The crystallization shows a slightly larger isotope effect than the melting transition of hexagonal ice where H/D substitution leads to a change of 3.8 K [43] . That is, except for the KOH-doped sample, which is not included in Fig. 4 , the phase transformation kinetics is not at all affected by the dopants. Both the polyamorphic transition and the crystallization involve a rearrangement of the O-atom network. Hence, our statement is analogous to saying that the O-atom dynamics is not affected by the studied dopants.
B. Influence of dopants and isotopes on the glass transition 1. Dielectric studies In order to assess the H-atom dynamics, we also carry out dielectric spectroscopy studies of variously doped amorphous ices. In Fig. 5(a) , we show the dielectric loss of NH 3 -doped eHDA for temperatures ranging from 108 to 126 K. As the temperature is increased, the dielectric loss peaks shift to higher frequencies. Then, at 129 K the peaks shift back to lower frequencies; see the crosses in Fig. 5(a) . Similar to the observations made for undoped samples [14] , this indicates that the transition to LDA takes place between 126 and 129 K. The polyamorphic transition occurs approximately 10 K lower here than indicated in Fig. 4(a) because of the much slower heating employed for dielectric studies.
Figures 5(b) and 5(c) compare the dielectric losses of NH 3 -doped eHDA and LDA with those of undoped [14] as well as with HCl-doped samples. One recognizes that doping has only a minor impact on the dynamics of these ice forms. In particular, it is clear that the HCl and NH 3 dopants do not lead to a dynamical enhancement. This finding is in accord with high-pressure dielectric studies of another KOH-doped amorphous high-density ice [37] . However, the absence of a pronounced sensitivity to doping is in stark contrast to the observations made for numerous crystalline ices where doping using HCl, HF, KOH, or other suitable agents typically leads to significant dynamical enhancements of up to several decades [18, 24, 25, 44] .
Temperature-dependent dipolar relaxation times τ ¼ ð2πν max Þ −1 are obtained directly from the peak frequencies ν max evident from Fig. 5 (a) for a NH 3 -doped sample. The filled symbols in Fig. 6 (a) refer to that sample and the half-filled symbols to the peak frequencies of a second NH 3 -doped sample. However, at low temperatures the peaks move out of the experimental frequency window. Then, as exploited in several previous studies on ices, we apply frequency-temperature superposition [24] . Explicit illustrations of this kind of data analysis can be found, e.g., in Refs. [9, 45] . The time constants assessed using that procedure are represented in Fig. 6(b) as open symbols (or as dotted symbols for the second sample). Apart from the relaxation times thus estimated for NH 3 -doped eHDA and LDA, Fig. 6 also illustrates the temperature protocol employed for these measurements. The relaxation times are presented in a way that renders it obvious that they approximately follow an Arrhenius law τ ¼ τ 0 expðE=RTÞ, where τ 0 denotes a preexponential factor and E an activation energy.
To place the temperature-dependent relaxation times of NH 3 -doped eHDA and LDA into a broader context, in Fig. 6(b) we compare them with those for undoped [14] and HCl-doped (hydrogenated) samples. Data for deuterated amorphous ices are included as well [46, 47] . One recognizes that the effective activation energies for all of the differently doped eHDA ices are close to each other; the same holds for the LDA samples. In particular, while substitution of hydrogens by deuterons slows the dynamics significantly [46, 47] , Fig. 6(b) confirms the absence of any doping-induced dynamical enhancement in eHDA as well as in LDA. Thus, while it is conceivable that-at least in the by and large locally tetrahedrally coordinated LDA building blocks [48, 49] -an amorphous network exists on which the Bernal-Fowler rules could be definable, a doping-induced violation of ice rules is not evident from the current experiments. In eHDA, the water molecules are roughly fivefold coordinated [50] . The corresponding high-density network is thus much more defective already intrinsically and, consequently, likely to be far less susceptible to defect doping than the low-density network is. It is also remarkable that in several high-pressure crystalline ices, NH 3 doping generates anomalously low energy barriers [24, 25] , while for the amorphous ices from Fig. 6(b) , "normal" energy barriers are observed for this dopant.
All these observations demonstrate that the dopingfacilitated dynamics in the presently studied amorphous ices are different from those in the crystalline phases. The latter ices are governed by local hydrogen moves on a tetrahedral water network in which nonvibrational oxygen motion apparently does not play any role. Of course, it cannot be ruled out that the dopants used in this work are just unsuitable to trigger a dynamical enhancement. However, in view of the fact that (in crystalline ices) the currently employed dopants can create all sorts and combinations of ionic and Bjerrum defects, this option appears highly unlikely.
Differential scanning calorimetry
Let us now turn to the low-temperature dynamics in eHDA taking place prior to the polyamorphic transition, as assessed by DSC. Figure 7 represents a magnification of Fig. 3 in the range of 95-145 K. It is immediately evident that an endotherm similar to the one in Fig. 1 for suitably doped crystalline ice (green line) is not observed. Instead, all scans reveal a glass transition similar to the ones in Fig. 1 for undoped or unsuitably doped ice. That is, a hydrogen-ordering transition for eHDA is not observed in our study. The eHDA-LDA transition seen near 140 K is preceded by a glass transition, for a heating rate of 50 K min −1 located at an onset temperature of 125.0 AE 0.9 K (as determined using the tangent intersection method; see Fig. 7 , blue trace from undoped eHDA). For a heating rate of 10 K min −1 [14] , Amann-Winkel et al. located the glass transition at 116 AE 2 K. The difference of 9 K arises from the fivefold increase in the heating rate and contains two contributions: approximately 2.5 AE 1 K of thermal lag of the instrument and 6.5 AE 1 K of shift caused by the response of the sample itself that at higher rates is probed at higher effective frequencies.
The phenomenology of the eHDA glass transition is evaluated quantitatively in Fig. 8 , where we plot the glass transition onset temperature [ Fig. 8(a) ] and the heat capacity change at the glass transition Δc p [ Fig. 8(b) ] for all dopants used. The onset of the glass transition remains the same, namely, 125 AE 1 K, when using HCl-, HBr-, HF-, and NH 3 -doped samples. Only after isotope substitution, we observe a shift to higher temperatures, on average by 3-4 K, for both doped and undoped D 2 O samples. This isotope shift is in agreement with that previously observed by Gainaru et al. (see Fig. 2G in Ref. [46] for rates of 50 K min −1 ). By contrast, the change in heat capacity at the glass transition Δc p is similar for all studied dopants and isotopes, considering the error bars given by the reproducibility of the experiment. Specifically, the heat capacity increases by 4.3 AE 0.8 J K −1 mol −1 for all H 2 O-based samples and by 4.0 AE 0.6 J K −1 mol −1 for the two D 2 Obased samples [see the horizontal dashed lines in Fig. 8(b) [15] . They have suggested the spike to be caused by adiabatic cooling caused by the 25% expansion at the polyamorphic transition. Without a spike, Δc p was given as 2.3 AE 0.5 J K −1 mol −1 . In Fig. 7 , we do not observe a spike, so we compare our values with the ones from Amann-Winkel et al. [14] .
As the only exception, the KOH-doped sample shows a lower Δc p than all the other ices. This finding reflects that only part of that sample is eHDA, and the remaining part is ice XII. Thus, KOH-doping data are not included in Fig. 8 .
C. Isotope effect on Δc p and on timescales near the glass transition
The finding that Δc p at the glass transition is barely affected by isotope substitution or by doping is of high interest, especially in the context of the question regarding the kind of mobility that is unlocked at T g . Here, we discuss whether at the glass transition of amorphous ices reorientational motion prevails or whether additionally also translational motion of water molecules is taking place. . Panel (c) suggests that the larger isotope effect for ice V is caused by strongly enhanced H-quantum tunneling below T g . The ice V samples are prepared following the protocol described by Salzmann et al. [28] . The signal is normalized to 1 mol, and the scans are moved vertically for clarity. orientational glass transition of ice V: Here, the H atoms become mobile, whereas the O atoms remain immobile [35] . We prepare ice V according to the literature protocol and measure its DSC scan both for pure D 2 O and H 2 O. As evident from Fig. 9(b) , the heat capacity change for the D 2 O sample (1.0 AE 0.2 J K −1 mol −1 ) is much smaller than for the H 2 O variant (2.3 AE 0.3 J K −1 mol −1 ). As summarized in Table I , similar results are seen for the isotope effect on the orientational glass transitions in ice IV and ice VI. In both cases, the Δc p is roughly halved if D 2 O is used instead of H 2 O. The majority of these measurements show that an orientational glass transition reveals a significant H/D-isotope effect on Δc p . The only exception is ice XII, for which substitution of H by D lowers Δc p only slightly. By contrast to the orientational glass transition for crystalline ices, there is no significant reduction of Δc p for the amorphous ices. Table II includes data for LDA, hyperquenched glassy water (HGW) from the literature, as well as the eHDA data from the current work. In all of these situations, there is barely any isotope effect on Δc p upon H/D substitution. For D 2 O HGW, Δc p is even slightly larger than for H 2 O HGW [51, 52] . This contrasts with the isotope effect on the volume, which was claimed to be normal for high-density liquid water but "anomalous" for low-density liquid water at low temperatures [53] .
Thus, the isotope effect on the Δc p at the glass transition in amorphous ices is different from the one on the orientational glass transition in crystalline ices. Therefore, the atoms starting to be mobile near the glass transition cannot be the same when comparing crystalline and amorphous ices. We suggest that the huge isotope effect for the orientational glass transition is based on the fact that the mass of the mobile atoms is doubled by H/D substitution. By contrast, the mass of the mobile atoms is increased only by around 10% by H 2 O=D 2 O substitution if the water molecule starts to translate at the glass transition, as is the case for a glass-to-liquid transition. As a consequence, only a very small isotope effect is expected for the unlocking of translational mobility at the glass transition, whereas a large isotope effect (reduction of Δc p by a factor of approximately 2) is seen for an orientational glass transition.
Thus, the data in Fig. 8(b) suggest that the nature of the glass transition in eHDA is a glass-to-liquid transition and not an orientational glass transition. This contrasts with conclusions by Shephard and Salzmann [33] , who favor the latter scenario. Their conclusion is based on 18 O-substitution experiments on eHDA and especially on their finding that T g (eHDA) does not shift upon exchanging naturally abundant oxygen by 18 O. In our view, this observation does not compellingly rule out that translational motions accompany the glass transition. In fact, based on the following argument, we expect T g to remain unaffected upon use of 18 O samples, no matter which of the two scenarios is considered: Replacing the naturally abundant 16 O by 18 O, the mass of the mobile atoms changes by only 10% if O-atom motion is involved, and it does not change at all (0%) if merely H-atom motion is involved. At the melting transition of ice I h , translational O-atom motion sets in. Nevertheless, the melting temperature of 
Crystalline ice sample
Heating rate ðK min Fig. 8 Fig. 8 [28] have recorded an increase of heat capacity, Δc p ¼ 3.7 J K −1 mol −1 , near the glass transition in ice V. This value does not correspond with those previously published [35] or measured in this work.
b Heat capacity values extracted manually from Fig. 2 in Ref. [29] . c Heat capacity values extracted manually from Fig. 1 in Ref. [33] .
and Salzmann are consistent with a T g shift of only 0.1% [33] . Hence, we also regard them to be consistent with translational motion being activated at T g (eHDA). A related remarkable difference concerns the isotope shift ΔT g of the glass transition temperature. For the glassto-liquid transition of amorphous ices, this shift amounts to 1-3 K at 30 K min −1 (see Table II in this paper and Fig. 2 in Ref. [46] ), while for orientational glass transitions in crystalline ices, it is 6-7 K at 30 K min −1 (see Table I ). This difference with respect to ΔT g can also be explained based on our previous argument that the reduced mass of the mobile atoms near the glass transition cannot be the same for crystalline and amorphous ices.
In absolute numbers, the heat capacity for noncrystalline D 2 O is higher than for H 2 O. For instance, liquid water at ambient conditions has a heat capacity of 84. 42 . But why, in crystalline ices, is the heat capacity difference Δc p at T g smaller for D 2 O than it is for H 2 O? We suggest that this can be understood on the basis of quantum tunneling. Since DSC measures merely relative changes in heat capacity, it is unknown how to offset the curves in Fig. 9 (b) to reflect absolute heat capacities for the D 2 O and H 2 O samples. In Fig. 9(c) , we offset the curves in a way so that the D 2 O phase above T g appears at a slightly higher c p than the H 2 O phase, just like it is the case for liquid water or hexagonal ice. Under these premises, it follows that the H 2 O phase has a much lower c p below T g than the D 2 O phase. This could be explained by quantum tunneling enhancing H-atom motion much more than D-atom motion. Exactly, such a lowering of c p based on quantum tunneling in H 2 O ice was demonstrated theoretically by Vega et al. [57] . These authors concluded from their work that "the heat capacity is indeed one of the signatures of nuclear quantum effects in water." Thus, quantum tunneling in the low-temperature phase plays an important role in an orientational glass transition. However, we do not observe this kind of effect in amorphous ice, thereby ruling out that molecular reorientation is at the origin of the motions mobilized at T g . With respect to the isotope effect on Δc p , ice XII seems to be an exception among the crystalline ices. Currently, we are unable to rationalize why quantum tunneling would barely enhance the H-atom mobility for ice XII, in contrast to the situation for ices IV, V, and VI. Our observation that Δc p in eHDA is only approximately 10% lower after H → D isotope substitution is, therefore, evidence that the nature of eHDA's T g involves not only H-atom motion but also O-atom motion; i.e., it is a glassliquid transition rather than an orientational glass transition.
The published dielectric timescales also signal differences in the isotope effects of the crystalline versus those of the amorphous ices. While approaching the orientational glass transitions of ice V (and also that of ice XII) upon cooling, the ratio of the corresponding timescales τðDÞ=τðHÞ increases significantly [24, 45] . On the other hand, any such increase near the glass transitions of the amorphous ices is only very weakly developed or even absent [46, 47] .
To highlight these findings, in Fig. 10 we summarize the dielectric timescales of hydrogenated and deuterated ice V and those of eHDA together with lines highlighting their thermally activated behaviors. It is seen that the lines are parallel for eHDA D 2 O and eHDA H 2 O (corresponding to a temperature-independent ratio of timescales) but not parallel for ice V D 2 O and ice V H 2 O. Towards lower temperatures, the dynamics in ice V H 2 O slows down much less than it does in ice V D 2 O. More quantitatively, for ice V H 2 O, the activation energy is E ¼ 34 kJ=mol, and for ice V D 2 O it amounts to 51 kJ=mol [24] . Hence, when lowering the temperature for ice V, the timescale ratio increases from about 12 at 138 K to 70 at 125 K. This observation is compatible with the notion that towards lower temperature, quantum tunneling enhances the dielectric dynamics of a Other values from LDA or eHDA from the literature are not included in our table since they refer to other preparation methods. Specifically, LDA I contains "nanocrystalline remnants," and eHDA decompressed to higher pressures, such as 0.3 GPa, cannot be considered a relaxed state [39] . The index for eHDA refers to the pressure in gigapascals to which the samples are decompressed.
b Ruiz et al. [15] suggested 2.3 AE 0.5 J K −1 mol −1 on the basis of the first plateau in the c p curve that is not observed in Fig. 7 .
ice V H 2 O much more than that of ice V D 2 O. This is because only the H/D subnetworks are mobile above the orientational glass transition, which increases the tunneling probability by a factor of 1.41 ( ffiffiffiffiffiffiffi ffi 2=1 p ). For amorphous ices, however, a cooling-induced enhancement of timescales is not observed when comparing the isotopic species of eHDA: The dielectrically determined timescale ratio remains at approximately 50 between 135 and 115 K for eHDA. This isotope insensitivity implies that not only the H/D subnetwork is mobile in eHDA above its T g but also the O network. If translational motion is operative, the tunneling probability does not significantly differ between
. This finding is in agreement with the conclusions drawn from the calorimetric data presented in Fig. 9 that the quantum effects are not strongly temperature dependent in eHDA but very much so in ice V.
IV. CONCLUSION
In this work, we study the influence of dopants on amorphous ice, with a focus on eHDA samples. While HCl doping in crystalline ices is shown to enhance the dielectric dynamics by up to 5 orders of magnitude, none of the studied dopants enhances the dielectric dynamics of eHDA or LDA. Furthermore, HCl doping allows one to unlock the transition to the H-ordered state in many crystalline ices. By contrast, in doped eHDA, neither transitions within the O network nor the H network are affected. Thus, HCl does not enhance the dynamics, just like all the other dopants tested in this work. Additionally, for none of the dopants could we observe tendencies towards local hydrogen ordering at low temperatures. These findings are counter to a scenario which assumes a crystallinelike nature of eHDA governed by point-defect dynamics. Obviously, the nature of the amorphous structure does not allow dopants to introduce relevant point defects that would speed up the H dynamics. Based on the dielectric results, similar conclusions can additionally be drawn for LDA. Also, here the (missing) doping-induced enhancement of the H-atom dynamics clearly differs from the findings for crystalline ices, such as ice I, ice V, and ice XII. Let us also draw attention to recent classical molecular dynamics simulations, which demonstrate that polydispersed ice domains are lacking in both LDA and eHDA [58] .
From the calorimetry results in Fig. 7 , it is also evident that none of the dopants influences the calorimetric glass transition phenomenology; i.e., Δc p and T g remain the same for doped and undoped samples. That is to say, we have no indications of a scenario that involves the (un)freezing of point defects in the sense suggested by Fisher and Devlin [34] regarding the origin of the glass transition in eHDA or LDA. The kind of motion that is (un)frozen instead at the glass transition is suggested from the present H/D-isotope substitution experiments. These experiments indicate that the heat capacity increase near T g is approximately halved for orientational H-atom motion and accompanied by a shift in T g of 6-7 K for ices IV, V, and VI. For amorphous ices, however, we measure barely any H/D-isotope influence on Δc p and a T g shift of only 1-3 K. This isotope effect is very similar to the one observed at the melting transition of ice, where translational motion sets in. Consistent with the findings from dopant studies, also the isotope substitution studies can be explained only on the basis of nonorientational motions of water molecules, which are at the origin of the insensitivity of Δc p to isotope exchange. In order to learn about the mass of the mobile atoms at water's second glass transition, we study the dielectric relaxation timescale ratio τðDÞ=τðHÞ and activation energies in Fig. 10 . This ratio is found to be insensitive to temperature changes for amorphous ices but not for ice V. The activation energy increases upon deuteration for ice V but not so for eHDA. The change in activation energy in ice V is explained by quantum tunneling strongly increasing towards low temperatures in the H subnetwork but barely in the D subnetwork. The insensitivity in amorphous ices is explained by whole water molecules being mobile rather than just the H/D subnetworks, which is again suggestive of translational molecular motion becoming possible above water's second glass transition. These findings are consistent with the idea of a glass-to-liquid transition in eHDA (at 116 K) but not with that of a glass-to-glass transition. This conclusion is in accord with a recent analysis of x-ray speckle patterns suggesting diffusive dynamics in eHDA to occur prior to its polyamorphic transition [59] . Thus, the contested nature of water's second glass transition is clarified, with strong support for the existence of high-density liquid water above its T g . [24] and eHDA [47] . Similar to dielectric results for ice XII [45] , the τðDÞ=τðHÞ ratio displays a significant temperature dependence also for ice V. Conversely, for eHDA the τðDÞ=τðHÞ ratio is constant.
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